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Abstract

This article presents a new parameterization of the global vegetation organizing carbon and hydrology in dynamic ecosystems
(ORCHIDEE) model, modifying the assimilation, allocation, and phenology processes for a steppe ecosystem. It aims 1) to
improve the modeled growth primary production (GPP) based on both in situ CO2 flux measurements and remote-sensing data
of the fraction of absorbed photosynthetic radiation, and 2) to evaluate how GPP improvement results in better-modeled fluxes
for ecosystem respiration, net ecosystem exchange, and latent heat. This new parameterization leads to a realistic annual GPP
(comparable to the data within 10%), and a realistic seasonal variability of GPP (R25 0.80). Further, we found that improving
GPP into ORCHIDEE immediately brings ecosystem respiration and net ecosystem exchange fluxes into better agreement with
the eddy-covariance data, both on seasonal but also on interannual time scales. This result suggests that the response of this
steppe ecosystem to interannual climate variations can be well reproduced from the response to seasonal variation, and that
biotic effects are not interannual. This indicates the potential ability to reproduce climate-induced changes in the carbon balance
of steppes with the use of a generic process-oriented vegetation model such as ORCHIDEE.

Resumen

Este trabajo presenta una nueva configuración del modelo de vegetación global ORCHIDEE modificando los procesos de
asimilación, asignación y fenologı́a para ecosistemas de estepa. Apunta a 1) mejorar la representación de la Productividad
Primaria de Crecimiento basada tanto en mediciones locales del flujo de CO2 y en datos de la Fracción de Radiación
Fotosintética Absorbida proveniente de sensores remotos y, 2) evaluar como la mejora en PPC influye sobre la simulación de
flujos de Respiración del Ecosistema, el Intercambio Neto del Ecosistema, y el Calor Latente. Esta nueva configuración da como
resultado una PPC más realista (dentro del 10% del valor de los datos), y una variación estacional realista de la PPC
(R25 0.80). Además, encontramos que la mejora en las estimaciones de PPC en ORCHIDEE inmediatamente incrementa la
concordancia ente los flujos simulados de Respiración del Ecosistema y el Intercambio Neto del Ecosistema con los datos de
Eddy-covarianza, a escalas de tiempo no solo estacionales sino que también interanuales. Este resultado sugiere que la respuesta
de este ecosistema de estepa a variaciones climáticas interanuales puede ser reproducida correctamente a partir de respuestas
estacionales y que los efectos bióticos no son interanuales. Esto provee esperanzas de poder reproducir cambios inducidos en el
balance de carbono de las estepas utilizando un modelo de procesos genérico tal como el ORCHIDEE.
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INTRODUCTION

The Eurasian steppe ecosystem covers 8 million km2, the largest
area of grassland ecosystems globally. Central Asian steppes in
Mongolia, Baikal area, Altai, Hakassia, and Tuva republics
alone sum up to 2.23 million km2. Steppe is thus the dominant
ecosystem in Central Asia, and globally important for
understanding the carbon cycle. In addition, this ecosystem is

sensitive to climate change because it experiences strong water
limitations during the growing season, and because its water
balance is sensitive to changes in amount and timing of water
input by winter snowfalls. From the results of 20 Intergovern-
mental Panel on Climate Change climate models, Central
Eurasia is projected to undergo a 21% increase in wet-season
(November–April) rainfall variability and a 16% increase in
growing-season (May–October) rainfall variability, accompa-
nied by a 10% decrease of the mean growing-season rainfall
amount (Giorgi 2006). These changes will have a significant
impact on ecosystem functioning, in particular on evapotrans-
piration and carbon–water interactions. In particular, one may
anticipate that regional climate change described by Giorgi and
others will likely cause a decrease of grassland productivity, as
more variable climate is observed to be paralleled by lower
productivity (Fang et al. 2005). The increase in temperature
together with diminished growing season rainfall, and in-
creased growing season length, is expected to increase
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evapotranspiration and water stress significantly above today’s
level. Golubev et al. (2001) reported that the actual evapo-
transpiration has already increased in steppe and forest vegetation
sites in southern Russia at a rate of about 5% per decade.

In this context, both field data and ecosystem models
describing the fluxes of CO2, water and energy, and the carbon
and water pools, are needed to quantify and understand the
Central Eurasian steppe response to climate, and its potential
vulnerability to future climate change. Model-data fusion
techniques can be developed to improve models by adjusting
their parameters to fit optimally the observations (Santaren et al.
2007; Carvailhais et al. 2008) and by assessing structural
deficiencies of models (Abramowitz 2005). This process may, in
turn, guide the development of new parameterizations or help to
refine the existing ones. Here we focus on identification of
shortcomings and improvements of a generic process-oriented
model with the use of 3 yr of new eddy-covariance observations
in 2002–2004. This flux data set constitutes a unique record of
CO2 and H2O fluxes over an unmanaged Central Asian dry-
steppe ecosystem, in the Hakasia region of southern Russia. In
addition to these 3 yr of eddy-covariance fluxes, satellite
observations of the fraction of absorbed photosynthetically
active radiation (FAPAR) from the SEAWIFFS-FAPAR global
satellite product (Gobron et al. 2006) sampled at the flux-tower
site, are used to evaluate the model’s phenology.

Although there is a wide variety of forest process-oriented
ecosystem models (Tiktak and Van Grinsven 1995), process-
based models of grasslands are scarcer (Parton et al. 1993; Riedo
et al. 1998; Thornley 1998). In addition, most of these grassland
models have been developed for site-scale applications, where
they allow encapsulation of a large number of small-scale
processes, but the large input data requirements for these models
may not be practical for regional or continental scales. An
alternative choice assumed in this study is to pick up a generic
vegetation model, and to improve its parameterization region-
ally, against site-specific observations. Overall, the main
objective of this article is thus to improve the ability of a generic
vegetation model (ORCHIDEE) to reproduce the observed CO2

and water fluxes at the Hakasia steppe ecosystem.

ORCHIDEE (Krinner et al. 2005) belongs to the family of
global vegetation models (DGVM) that are developed and
applied for simulating land/atmosphere interactions. These
models are often used for global or large-scale carbon budget
analysis (McGuire et al. 2001; Ciais et al. 2005) and for
predicting past and future trajectories of the coupled carbon-
climate system (Cramer et al. 2001; Friedlingstein et al. 2006;
Sitch et al. 2008). The performances of DGVM models remain
however to be carefully checked against multiple-scale observa-
tion of the carbon, nutrients, water, and energy cycles. This is
why persistent efforts are made for testing and evaluating DGVM
at site scale, for instance, against eddy-covariance measurements
(Thornton et al. 2002; Jung et al. 2007). In this site-scale testing
configuration, the model is usually forced by local weather and
climate drivers and by local vegetation and soil conditions
(Kucharik et al. 2000; Thornton et al. 2002; Krinner et al. 2005).

After a description of the new eddy-covariance measure-
ments made at the Hakasia steppe site between 2002 and 2004
and of the FAPAR remote-sensed data, we present the
ORCHIDEE model and the specific parameterization we
developed for steppe ecosystem. We then present the first

model-data comparison for growth primary productivity (GPP)
and leaf area index (LAI) for the years 2002 to 2004. Last, the
results of the parameterization in terms of water and carbon
fluxes and of interannual variability are presented.

METHODS

Data From Hakasia Steppe, Southern Russia

General Characteristics. The Hakasia eddy-covariance site is
located 30 km north of the town of Shira (lat 54u439N, long
90u009E) in the Iyus-Shira region of the Republic of Hakasia. It
is a natural graminoid small-tussock steppe that was exten-
sively managed as a pasture until 2001. However, because of
the low grazing pressure, no major sign of disturbance over the
vegetation composition and structure, compared to sites with
no grazing history, was found. The soil is classified as a calcic
chernozem (second-level legend FAO-Unesco) with fine surface
texture and a proportion of clay ranging between 35% and
60% (Stolbovoi 2000).

The climate at the site, according to the Koppen climate
classification system (Thornthwaite 1933), is semiarid cool
(BSk). Climatic statistics determined on the base of archive data
of Shira for the period 1942–1995 reveal a mean annual
temperature of 0.4uC and a seasonal temperature cycle
characterized by a very large continentality (difference between
mean temperature of January and July is 35uC) and annual
precipitation of 304 mm, out of which 245 mm is distributed
during the growing season from May to September.

Climate and Ecosystem Conditions During the Eddy-Flux
Measurement Period. During the 3 consecutive years of
measurement, 2002, 2003, and 2004, the average annual
temperature was 2.9uC, 1.6uC, and 2.3uC, respectively. The
mean annual precipitation was 341 mm, 425 mm, and
388 mm, respectively. Year 2002 is characterized by temper-
atures from January to March above the average, with little
precipitation in late spring–early summer (May–June) and a
remarkably dry month in May (5.9 mm). Year 2003 shows in
contrast a very rainy period at the beginning of the growing
season (May: 57.3 mm; June: 115 mm) and an average climatic
record during the rest of the year. Year 2004 is marked by a dry
month of July (60 mm) with only 2/3 of the rain received in the
2 previous years and a warmer than normal temperature in
September and October.

On 4 March 2004, the steppe was burned. The soil was still
frozen and soil temperature at a depth of 5 cm was 2 11.8uC.
After a field survey in April it was noted that only the grass
stem biomass was burnt, but no evidence of underground
burning was found. At the date of the first biomass sampling (1
May 2004), the growing season had still not begun, as
evidenced by the absence of live aboveground biomass. Because
of the fire, the dead aboveground biomass was 0.39 t dry
matter ? ha21, a value by far lower than the typical amount of
dry grass recorded during previous years at the same site in
spring.

Net Ecosystem Exchange (NEE) Measurements. Measurements
of NEE by eddy-covariance technique started in July 2002 and
lasted until December 2004, with some breaks during cold
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months (January–April 2003, November–April 2004) when
there was no vegetative activity. Details of instrumental setup,
acquisition mode, and data processing techniques are described
in Belelli-Marchesini (2007) and Belelli-Marchesini et al.
(2007).

Continuous measurements of wind speed, sonic temperature,
CO2 concentration, and water-vapor density (VPD) were
carried out on-line with a set of instruments including a 3-D
sonic anemometer (1012R3; Gill Instruments, Hampshire,
United Kingdom) and a fast-response open-path infrared gas
analyzer (IRGA; LI7500, LiCor Inc, Lincoln, NE) mounted on
the top of a 4.5-m tower. CO2 flux (Fc) was calculated
according to Aubinet et al. (2000), accounting for air density
according to the equation of Webb et al. (1980).

Flux-time series were screened for the detection of anoma-
lous values arising from sensor malfunctioning caused in
particular by interference of water condensation, raindrops,
or insects with the optical path of the IRGA. Spikes that
remained in the half-hourly data set were detected by using an
algorithm as in Papale et al. (2006) and using the z values set to
5.5. Data gaps included also rejected NEE values associated to
turbulence conditions below a threshold defined according to
Reichstein et al. (2005) and Papale et al. (2006).

Gap-Filling Procedure. Gaps in the data set due to instrument
maintenance and calibration, power outages, blockage of the
system, removal of spikes, bad-quality data, and fluxes
associated with low turbulence conditions totaled 39%,
26.5%, and 28% during the monitoring periods of 2002,
2003, and 2004, respectively. The gap-filling procedure is
performed by applying the marginal distribution sampling
(MDS) method (Reichstein et al. 2005). In the MDS method,
given the fact that meteorological data were available without
gaps, missing values of NEE were replaced by average values
under similar meteorological conditions within a time window
of 6 7 d. Similar meteorological conditions are present when
global radiation (Rg), Tair, and VPD do not deviate by more
than 50 W ?m22, 2.5uC, and 5.0 hPa, respectively. If no similar
conditions were present within the time window the averaging
window was increased and similar conditions were defined
only based on Rg or simply the measurement time (see
Reichstein et al. 2005 for details).

NEE Partitioning. With negative NEE values indicating carbon
fluxes from atmosphere to ecosystem, the partitioning of NEE
into the component of GPP and total ecosystem respiration
(TER) was obtained as

GPP~TER{NEE: [1]

TER was retrieved by applying the algorithm by Reichstein et
al. (2005), which derives a short-term temperature sensitivity of
TER from eddy-covariance data based on the exponential
regression model (Lloyd and Taylor 1994):

TER~TERref exp E0 1= Tref{T0ð Þ{1= T{T0ð Þ½ �f g [2]

Regressions were performed for subperiods of 15 d, with
consecutive time windows overlapping 10 d, in order to
estimate the temperature sensitivity parameter E0, setting the
reference temperature to 10uC and keeping constant the

parameter T0 at 2 46.02uC as in Lloyd and Taylor (1994).
After an E0 parameter representative for the whole monitoring
period was estimated, the temperature-independent level of
respiration (TERref) was estimated for consecutive 4-d periods
by nonlinear regression with the use of the Lloyd and Taylor
model, fixing all parameters except TERref. TERref parameters
estimated were assigned to the ‘‘center of gravity’’ of the data
of each period and were then linearly interpolated between the
estimates producing a continuous time series.

Remote-Sensing Data of the FAPAR
The FAPAR product that we use has been developed by
assuming that the spectral properties of leaves and soil
correspond to the photosynthetic active radiation (PAR) region,
which is between 400 nm and 700 nm. In this case, simulations
are made with a homogeneous canopy model (Gobron et al.
1997) representing land surfaces, coupled with the atmospheric
radiative transfer model 6S (Vermote et al. 1997). Because
green vegetation strongly absorbs solar radiation in the red
spectral region, and strongly scatters it in the near infrared,
these two bands are the main ones used to characterize land
surfaces from remote-sensing data. The reflectance in the blue
band is sensitive to the aerosol’s optical thickness and, therefore,
is used to decontaminate the red and the near-infrared bands
from atmospheric effects. The product, available globally at a
spatial resolution of 6 km (mean of 3 3 3 pixels at a 2-km
resolution) each 10 d (http://fapar.jrc.it), was sampled at the
flux-tower location from 2002 to 2004. The FAPAR were
converted into LAI by the following equation: FAPAR5

12 e(2kLAI) with k50.5 (Monsi and Saeki 1953).

Organizing Carbon and Hydrology in Dynamic Ecosystems
(ORCHIDEE) Model Description
ORCHIDEE is a process-oriented multiecosystem model
(Krinner et al. 2005). It calculates surface CO2, H2O, and
heat fluxes (half-hourly), and water and carbon pools (daily), in
response to weather and climate, rising CO2, and land-cover
changes. The model contains a biophysical module dealing with
photosynthesis and energy-balance calculations (half-hourly;
Ducoudré et al. 1993), a module predicting leaf onset as a
function of climate (Botta et al. 2000), autotrophic respiration
(Ruimy et al. 1996), carbon allocation (Friedlingstein et al.
1999), and heterotrophic respiration derived from the CEN-
TURY model (Parton et al. 1988). As in most DGVM models,
the vegetation is described with the use of plant functional
types (PFTs). PFTs follow the same set of governing equations
with different parameter values, except for the calculation of
the growing season onset and termination, which involves a
PFT-specific equation (Botta et al. 2000).

The main limitations of ORCHIDEE are that 1) nutrient
cycling is not modeled, 2) grassland or grazing management
effects are not included, 3) the soil hydrology module uses a
simple two-layer bucket scheme, which may produce erroneous
soil moisture content in summer drought episodes, 4) the snow
module is a simple one-layer scheme, with no inclusion of snow
microphysics and liquid-water content, which may not account
for springtime soil-moisture variations, and 5) it uses a PFT
approach and partially ignores the effects of species dynamics
on ecosystem carbon and water fluxes.
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The ORCHIDEE model has been used to calculate the
distribution of carbon fluxes regionally, with a focus over
western Europe (Ciais et al. 2005; Morales et al. 2005;
Reichstein et al. 2007), and globally (Friedlingstein et al.
2006; Sitch et al. 2008). This model has been evaluated against
measurements of eddy-covariance fluxes (Ciais et al. 2005;
Krinner et al. 2005; Friend et al. 2007; Jung et al. 2007;
Santaren et al. 2007) and against biomass and soil carbon-pool
measurements in forests (Gervois et al. 2004; Loustau et al.
2005). This is the first time that ORCHIDEE has been used for
a steppe ecosystem, and the model has not been tuned for this
particular type of vegetation. All the steppes, temperate and
cold grasslands, are given the parameter vector and equations
of the PFT C3-grasses (Krinner et al. 2005). Grassland
management (grazing, cutting, fertilization) is not included in
our simulation, but, as shown above, the measurement site was
very extensively grazed before 2001 and left ungrazed since
then. We give here the set of equations related to the
photosynthesis, allocation, and phenology for the C3 grass
PFT.

Assimilation. Photosynthesis (An) is calculated after the
Farquhar et al. (1980) equation for C3 plants, as

An~Vc 1{C�=Cið Þ{Rd, [3]

where Vc (mmol ?m22 ? s21) is the rate of carboxylation, C*

(ppm) is the CO2 compensation point when there is no
nonphotorespiratory respiration, Rd (mmol ?m22 ? s21) is the
rate of nonphotorespiratory respiration, and Ci is the CO2

concentration at the carboxylation site. The rate of carboxyl-
ation Vc is expressed by the more limiting factor between
ribulose-1,5-biphosphate (RuBP) activity Wc and RuBP regen-
eration Wj (mmol ?m22 ? s21). The maximum rates of RuBP
carboxylation (Vcmax) and regeneration (Vjmax) are parameter-
ized as a function of leaf age, increasing from a relatively low
initial value to a prescribed optimum parameter (Vcmax,opt or
Vjmax,opt) during the first days after leaf onset, staying at
constant at this maximum for a given period (a few months,
depending on the PFT), and then decreasing to a lower value
for old leaves (Ishida et al. 1999). In ORCHIDEE, the
parameters Vcmax,opt and Vjmax,opt are set to 80 and
160 mmol ?m22 ? s21, respectively, for the C3 grass PFT. Water
stress is accounted for in the formulation of Vcmax and Vjmax

following McMurtrie et al. (1990). Moreover, plants optimiz-
ing their vertical distribution of nitrogen naturally, in order to
favor the canopy levels where light is the most abundant, Vcmax

and Vjmax, also decrease with increasing LAI. They are both
parameterized as an exponentially decreasing function of canopy
depth with an asymptotic minimum limit of 30% of the
minimum efficiency after Johnson and Thornley (1984).

Phenology. To define the leaf onset, different models are used
according to the PFT considered (Botta et al. 2000). For C3
grass, the leaf-onset calculation depends on the climate zone. In
cool regions (T, 10uC) such as the Hakasia site, a simple
growing-degree-day criterion is used. Following Botta et al.
(2000), the pertinent cutoff temperature for grasses is 2 5uC,
and growing-degree-days are counted over the whole dormancy
season. The critical sum of growing degree days to be exceeded
depends on the PFT and on the multiannual mean temperature

(MAT), as grasses in boreal regions need to accumulate less
heat before starting their growth. For C3 grasses, this critical
growing-degree-days threshold is 185uC day for MAT50uC
and 400uC day for MAT530uC.

Senescence of leaves and fine roots is treated in a rather
simple way. Two different criteria are used separately to
calculate the fraction of leaves and roots that dies at a given
time step. The first criterion is meteorological, depending on
recent temperature and/or water stress. The second criterion is
related to the fact that even if meteorological conditions are
kept favorable for leaf maintenance, plants have to renew their
leaves simply because old leaves become inefficient. In
consequence, a fraction of the leaves and fine roots is lost
every time step as a function of the leaf age. The fraction of
biomass affected by senescence is defined by

DB~B min 0:99,
Dt

ac

a

ac

� �4
" #

, [4]

where the parameter ac is the critical leaf age, a the current leaf
age, Dt the time step, and B the leaf biomass at previous time
step. For the C3 grass PFT, the default critical age value is
ac5 120 d. The formulation above ensures quite rapid loss of
leaves when their age approaches the critical age threshold.

Allocation. The basic hypothesis is that the plant will allocate
carbon to its different tissues essentially in response to external
limitations: water availability (Ah), light (Al), and nitrogen
availability (An). Water availability is calculated supposing an
exponential root length profile decreasing with depth, inde-
pendent of the fine root mass. Light limitation is a function of
the weighted mean LAI of the natural PFTs present in the grid
box. This is based on the idea that a plant will ‘‘see’’ around
itself the LAI of the other plants present in the grid box and will
have to compete against these for light. Nitrogen limitation is
parameterized as a function of monthly soil humidity and
monthly soil temperature, as in the work of Friedlingstein et al.
(1999). The basic idea is that plant available nitrogen will
depend on microbial activity in the soil, which itself depends on
humidity and temperature. The belowground availabilities An

and Ah are then combined to a single belowground availability
(Ab). The two availabilities (Al and Ab) are then used to
calculate preliminary allocation fractions for leaves, roots, and
sapwood, fl, fr, and fs, respectively, as follows:

fr~max rmin, r0
3Al

Alz2Ab

� �
, [5]

fs~s0
3Ab

2AlzAb
, [6]

fl~max amin, min amax,1{fr{fsð Þ½ �, [7]

with rmin5 0.15, amin5 0.2, amax5 0.8, and r05 s05 0.3. The
preliminary root allocation fraction is then recalculated to
obtain fl + fr + fs5 1.

The underlying idea is that the stronger a given stress, the
more carbon will be allocated to the corresponding tissue (e.g.,
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to roots in the case of drought). Allocation fractions may be
modified in some special cases. For instance, during the growth
period, if the LAI is higher than a prescribed maximum LAI
parameter LAImax (arbitrarily fixed to 2.5 for all C3 grasses),
then no carbon will be further allocated to the leaves, no matter
what the limitations are. In this case, fs equals fs + fl and fl is set
to zero. Similarly, if a plant reaches near the end of its growing
season (i.e., it undergoes meteorological leaf senescence), then
there is no point in allocating carbon to leaves or roots. The
whole assimilate will then be attributed to the carbohydrate
reserve pool fc5 1, while all the other allocation fractions are
set to zero. The carbohydrate reserve is only used at the
beginning of the growing season in order to attain a reasonable
leaf cover rapidly. If the plant is at the beginning of its growing
season (i.e., if the detection of the beginning of the growing
season took place not longer than 30 d ago for grasses), and if
the LAI is lower than LAImax/2 (value of LAIinit parameter),
then carbon is translocated from the carbohydrate reserve to
the leaves and roots. The quantity of translocated reserves is
commonly such that without additional photosynthesis, the
plant would attain an LAI equal to LAImax/2 within 2 wk after
budburst.

Simulations Setup

Forcing Variables. The model input variables are soil texture,
atmospheric CO2 levels, and meteorological variables mea-
sured every 30 min (temperature, rainfall, net radiation, air
relative humidity, and wind speed). In this study, the
meteorological input data are those continuously measured
on top of the eddy-covariance flux tower at Hakasia (lat
54u439N, long 90u009E).

Spin-Up Procedure. We first did a spin-up simulation to
calculate the ecosystem steady-state equilibrium (long-term
mean NEE5 0) during , 1 000 yr with ORCHIDEE being
forced by cycling the meteorological conditions of year 2002
and fixed CO2 concentration. This spin-up run is followed by a
3-yr simulation between 2002 and 2004 where hourly
meteorological data are prescribed as input to the model. The
use of a steady-state equilibrium initialization, which by
construction leads to a near-zero long-term NEE, is justified
by the fact that the ecosystem studied here is a natural steppe
with very extensive management history and very low
disturbance (very little grazing, no large fires, no erosion).

Parameter-Adjustment Procedure for Steppe Ecosystem. Given
that the model has about 50 parameters, we need to choose
which parameters must be modified for model adjustment
against the Hakasia eddy-flux data and FAPAR satellite
observation. Our list of parameters to be adjusted is based
upon 1) expert judgment and discussion between modelers and
experimentalists about the Hakasian site key features, and 2)
the detailed sensitivity study of the model to all its parameters
(Santaren et al. 2007). We chose to adjust a vector of eight
parameters:

N Vcmax,opt and Vjmax,opt the optimal photosynthesis capacities
in absence of limitation by climate and leaf age

N The maximal turnover time (turnmax) and leaf critical age
(ac) when senescence begins,

N LAIinit, the LAI value below which reserves are used; amax,
the maximal leaf allocation fraction; and s0, the preliminary
shoot allocation fraction

N LAImax, the maximum LAI (biome specific) that can be
reached

Instead of using a Bayesian model optimization procedure to
calibrate all parameters in the same step, we adjust each of
them manually in a specific order. First, we adjust LAImax to fit
the remote-sensing data of the FAPAR. Second, we modify the
values of LAImax, s0, amax and turnmax and ac in order to better
match, respectively, the onset and senescence phases of LAI.
Last, we calibrate Vcmax,opt and Vjmax,opt values against
observed GPP (Belelli-Marchesini 2007; Belelli-Marchesini et
al. 2007). Because corrections of the simulated GPP impacts
plant respiration, soil heterotrophic respiration (through litter
production and soil organic carbon decomposition), and to
some extent water fluxes, latent heat flux (LH), TER, and NEE
fluxes are recalculated with GPP optimal parameters and
compared against observed values.

The strategy that we follow is to adjust the ORCHIDEE
parameters against the flux data for year 2003 only, in order to
keep some data for cross-validating the improved model for
years 2002 and 2004. This cross validation is interesting
because we adjust the model using only intra-annual flux
variations in 2003, and will evaluate it against intra-annual and
interannual variations for the 2 other yr.

RESULTS AND DISCUSSION

Model-Data Comparison for LAI and GPP

Comparison Over the Calibration Time Period. The modeled
and observed GPP and LAI for 2003 are shown in Figure 1.
Without parameter adjustment, ORCHIDEE overestimates
GPP. From May to October 2003, the observed cumulated
GPP is 444 g C ?m22 and the calculated GPP is 1 339 g C ?m22

(Table 1). Thus, calculated GPP is three times higher than
observed. However, the GPP seasonal cycle is rather well
captured by ORCHIDEE with its onset in May and end date in
October, and maximum values in July. The seasonal phase of
LAI is seamlessly simulated, but maximum observed LAI (from
SEAWIFFS-FAPAR) is 1.2 m2 ?m22, whereas modeled LAI
reaches up to 2.5 m2 ?m22, implying that the LAImax parameter
value is realized in summer, because of the overestimation of
GPP.

Based on the high-bias of model GPP (Fig. 1a) and LAI
(Fig. 1b) for year 2003 and on expert knowledge, we modify
the model parameters. First, we decrease LAImax from
2.5 m2 ?m22 to 1.2 m2 ?m22. Second, in order to reduce GPP
and LAI at the beginning of the growing season, we set LAIinit

to LAImax/5. Values of s0 and amax were set to 0.15 and 0.5,
respectively (e.g., 50% and 38% of reduction). To accelerate
the decline of LAI during senescence, the critical leaf age ac is
set to 60 d (i.e., 50% reduction from initial value). The
maximal leaf turnover time is set to 40 d (a 50% reduction
from initial value). Last, Vcmax,opt and Vjmax,opt are reduced by
25% down to values of 60 and 120 mmol ?m22 ? s21, respec-
tively.
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The simulated LAI resulting from all the above modifications
is shown in Figure 1. The overall agreement with the data is
quite satisfactory for the LAI seasonal dynamics. The simulated
early-season growth of LAI is now smoother, in better
agreement with the remote-sensing data. However, the
declining phase of LAI still occurs too late. This model bias
has also been identified by Krinner et al. (2005, fig. 8) and in
the recent assimilation study of Demarty et al. (2007, fig. 2B).
The slope of the model-data linear regression is 0.77 in the
modified version, instead of initial value of 1.5, with R2 being
stable at 0.3. The intercept of the regression was reduced from
0.9 to 0.3 (reduced systematic bias). GPP after modification is

shown in Figures 1b and 1d. The cumulated GPP during the
growing season (between May and October) is now in better
agreement with the observation (see Table 1). The slope of the
model-data linear regression line gets reduced from 2.4 to 0.9,
with R2 being stable at 0.8. Note that the late declining phase
of LAI does not affect strongly the GPP decline, because at that
time of the year, reduced day length and the high leaf age
control the photosynthetic rates.

Cross Validation of Improved Model. We evaluate now how
the improved parameterization performs for years 2002 and
2004, over which the model was not calibrated (Fig. 2). The

Figure 1. Five-day running mean of leaf area index (LAI) and growth primary production (GPP; left panels), as observed on Hak1 site (black),
initially modeled by organizing carbon and hydrology in the dynamic ecosystems model (dark grey) and modeled after parameterization (light grey) and
modeled vs. observed LAI and GPP (right panels) with the new parameterization (light grey) and without (dark grey) for the ‘‘calibrating’’ year 2003.

Table 1. Seasonal GPP, TER, NEE, and LH from June to October 2002, and from May to October 2003 and 2004 with data/old version (Model)/new
version (Modif) of the ORCHIDEE model.1

GPP (g C ?m22 ? yr21) TER (g C ?m22 ? yr21) NEE (g C ?m22 ? yr21)2 LH (W ?m22)

Data Model Modif Data Model Modif Data Model Modif Data Model Modif

2002 333 770 348 258 689 291 275 281 257 44 47 38

2003 444 1 339 517 312 1 106 428 2132 2234 289 49 56 46

2004 543 1 272 486 402 1 085 407 2141 2187 279 50 54 43
1GPP indicates growth primary production; NEE, net ecosystem exchange; TER, total ecosystem respiration; LH, latent heat flux; and ORCHIDEE, organizing carbon and hydrology in dynamic

ecosystems model.
2Negative values indicate carbon fluxes from atmosphere to ecosystem.
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linear model-data regression of LAI has a slope of 0.96
(R250.46) during 2002 and 2004, which is an even better score
than during the calibration year (0.77; R250.3). The late
senescence bias is still present, however, during 2002 and 2004,
suggesting a model structural deficiency (Fig. 2a). For GPP, the
model performances over the cross-validation years are as good as
during the calibration year (linear model-data GPP regression
slope S50.82; R250.8). We conclude from this that our new
settings of model parameters (Vcmax,opt, Vjmax,opt, ac, amax, s0, and
LAImax) suffice to improve LAI and GPP over the whole
observation period. However, some interannual GPP and LAI
anomalies remain (e.g., the fast early growing season in 2004
compared to years 2002 and 2003). The 2004 early growing
season is likely affected by the small fire of March 4, which may
have increased Vcmax through a higher nitrogen availability (Wolf
et al. 2006). This process is not included in ORCHIDEE, but
seems to be of short duration, as the model performs well for LAI
and GPP later in the growing season.

Implications for TER and NEE Fluxes
Up to now, our implemented modifications (phenology,
allocation, photosynthesis processes) aimed at adjusting only

GPP and LAI in order to match the observations. Here, we
quantify how these GPP improvements impact TER during the
growing season and thus NEE. Figure 3 shows the new
simulation of TER and NEE fluxes induced by the modified
GPP. TER is now in much better agreement with the observed
flux (S5 0.75 and R25 0.78 vs. S51.94 and R250.77 in the
initial version). Consequently, NEE also benefits from the
improvements and shows a regression slope of 0.75 instead of
1.95 (Fig. 3). We conclude from this that the initial misfit
between model and data for NEE was mostly due to biases in
GPP. However, the lack of eddy-covariance observations does
not allow us to draw any conclusion on the fit to TER during
the winter period resulting from a more realistic GPP.

Implications for Latent Heat Flux (LH)
The data in Table 1 show that the simulation of LH is rather
insensitive to model GPP (see also Fig. 3). Although CO2 and
H2O fluxes are tightly coupled in ORCHIDEE, their ratio can
vary during the growing season according to environmental
conditions and water stress. Lower GPP and LAI in the
improved model version reduce the summer peak of LH
(Fig. 3). However, the response of LH is not proportional to

Figure 2. Five-day running mean of leaf area index (LAI) and growth primary production (GPP; left panels), as observed on Hak1 site (black),
initially modeled by organizing carbon and hydrology in dynamic ecosystems model (dark grey) and modeled after parameterization (light grey) and
modeled vs. observed LAI and GPP (right panels) with the new parameterization (light grey) and without (dark grey) for the ‘‘validating’’ years 2002
and 2004.
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that of GPP. Compensating effects during the different phases
of the growing season, in particular unrealistic water savings
achieved by lower LAI from spring to the dry summer, can
explain why the simulation of LH is not improved (R25 0.82 in
the new version vs. R25 0.88 in the initial model).

Interannual Variability of Fluxes
Here we address the question of whether an improved seasonal
cycle of GPP also improves interannual variability (IAV) of

GPP and other fluxes. This question is important to determine
whether IAV of CO2 fluxes can be explained by environmental
changes or by biotic responses (Richardson et al. 2007). We
calculated an IAV model-data agreement index I as

I~mean Ymodel{Yobsjjð Þ=mean Yobsð Þ, [8]

where Y is the mean flux of each year and the mean operator is

applied over the full period 2002–2004. A perfect model-data

Figure 3. Five-day running mean of total ecosystem respiration (TER) (a), net ecosystem exchange (NEE) (b), and latent heat flux (LH) (c), as
observed on Hak1 site (black), initially modeled by organizing carbon and hydrology in dynamic ecosystems model (dark grey) and modeled after
parameterization (light grey) and modeled vs. observed TER (d), NEE (e), and LH (f) with the new parameterization (light grey) and without (dark
grey) for the years 2002 to 2004.
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agreement for IAV thus gives I5 0. Figure 4 provides the value

of I. Clearly, adjusting the model to obtain a better fit to

seasonal GPP changes also results in a better IAV, as shown by

I values decreasing from 0.7 (initial version) to 0.2 (improved

version). Similarly, agreement of IAV for TER and NEE shows

improvement (from I5 0.7 to 0.3 and from I5 0.65 to 0.2 for

TER and NEE, respectively).

These results suggest that at the Hakasia steppe site, the same
biotic processes identified in our case to the same model
parameters, control both the seasonal and the interannual
response of the carbon balance to climate. An opposite
conclusion was drawn from the three forest sites flux series
investigated by Richardson et al. (2007) with the use of a
diagnostic flux model. Although it is too early to generalize that
the IAV of carbon fluxes is more directly controlled by climate
in the steppe ecosystem than in the forest, more model
applications to seasonal/interannual are needed.

It is also very interesting to observe that the single
improvement of seasonal GPP dynamics also improves the
IAV of TER. This indicates 1) that TER-IAV is tightly coupled
to GPP-IAV in the steppes, and 2) that a model like
ORCHIDEE, which includes carbon pool dynamics, is neces-
sary to simulate the IAV signal faithfully. Finally, we note that
NEE is the small difference between two large gross fluxes,
each with a distinct seasonal sensitivity to climate. This makes
it is more difficult for a model to reproduce the NEE-IAV than
the GPP-IAV or TER-IAV. The fact that improving the seasonal
cycle of GPP drives an improved NEE variability on both
seasonal and interannual scales is very encouraging for the
prospect of using estimates of LAI based on satellite data to
constrain the steppe carbon balance.

Selection of Adjusted Parameters
The model initially overestimates GPP, due to both an
overestimated LAI (81% of the GPP bias) and overestimated
carboxylation rates (19% of the GPP bias). The model was
accordingly reparameterized by 1) reducing the summer
maximum reachable LAI, 2) slowing down the early-season
LAI growth and accelerating the late-season LAI senescence,
and 3) reducing by 25% the optimal carboxylation rate
constant parameters Vcmax,opt and Vjmax,opt. Our list of adjusted
parameters is primarily based on expert judgment. For instance,

we chose only to adjust Vcmax,opt and not the stomatal
conductance parameters. Santaren et al. (2007) have shown
that in ORCHIDEE, as in most models with the same level of
complexity, determining optimal parameters is subject to
‘‘equifinality.’’ Consequently, errors in stomatal conductance
parameters (Ball et al. 1987) are highly negatively correlated
with those of Vcmax,opt, because of coupling between stomatal
diffusion and photosynthesis equations. Similarly, because a 3-
yr record is a bit short to conclude whether the site is or not in
steady-state equilibrium for its carbon pools (i.e., long-term
mean NEE5 0) we did not adjust any of the soil carbon pool
scaling parameters (Santaren et al. 2007; Carvailhais et al.
2008) to avoid inducing an unrealistic disequilibrium between
respiration and photosynthesis. Note, however, that by
modifying Vcmax,opt and LAImax, the value of GPP is changed,
which impacts the size of soil carbon pools and hence TER,
thanks to the coupling between flux and carbon pools in the
model. So, even GPP parameters have an indirect effect in
setting the value of the TER flux.

Altogether, these parameter changes are sufficient to
reproduce the observed day-to-day, seasonal, and interannual
GPP variability faithfully. Yet, some model/data mismatches
remain. For instance, the model overestimates GPP and LAI
during the late growing season (i.e., in September). Several
processes may explain this discrepancy. First, it might be due to
an error in modeling the soil moisture during that period
accurately, as suggested by a model/data comparison for the
relative soil humidity in 2003 (not shown). However, over the
whole season, the model agrees fairly well with the observa-
tions and performs much better for the relative humidity than
initially for GPP and LAI. This explains why in our study we
focus on adjusting phenological and photosynthetic parameters
rather than on modifying the hydrological model. In fact, the
hydrological model embedded into ORCHIDEE is a simple
two-layer bucket model and is consequently relatively empir-
ical. The future use of a more physically based soil model such
as the one developed by de Rosnay et al. (2002) will certainly
reduce the observed bias. Second, the observed bias for LAI and
GPP might be due to an error when converting leaf mass into
leaf area. In ORCHIDEE, the specific leaf area (SLA) is
constant throughout the season, whereas in reality the SLA of
young leaves is higher than that of old leaves. This finding is
supported by the fact that the modeled LAI after adjustment is
more correlated with the in situ measurements of live
aboveground biomass (not shown) than with the remotely
sensed LAI (see Figs. 1 and 2). From this, we may conclude that
defining a variable SLA over the growing season into
ORCHIDEE is required in order to correct for the observed
bias between simulated and remote-sensed LAI and to match
the observed GPP better.

IMPLICATIONS

The improved interannual variability of GPP suggests that
ORCHIDEE can be tuned with the use of short-term flux data,
and then integrated over a longer period to reproduce multi-
annual cumulative net fluxes. Further, we found that improving
the seasonal cycle of GPP suffices to fit the observed TER and

Figure 4. Interannual variability model-data comparison index (%) for
growth primary production (GPP), total ecosystem respiration (TER), net
ecosystem exchange (NEE), and latent heat flux (LH) by using initial
model (white columns) and improved model (grey columns).
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NEE flux data. From this, we conclude that CO2 and H2O
fluxes from natural steppe ecosystems can be simulated with a
generic DGVM model. Even without an explicit nitrogen cycle,
the model is able to reproduce the observed interannual
variability. After having been validated at regional scale against
remotely sensed LAI and CO2 atmospheric concentration, the
model improvements we performed for the steppe ecosystem
will help to quantify the overall Central Eurasian steppe carbon
balance better. This is of particular importance in the context
of future climate change that might strongly impact the
functioning of the steppes. Moreover, widespread land use
changes took place over Central Eurasian steppes in the recent
past history (e.g., cultivation period since the 1950s and
farmland abandonment in the 1990s; Kolchugina et al. 1995)
that have impacted the current carbon balance of these lands.
The model’s improvements presented in this study were a
prerequisite to the model-based assessment of the land-use–
induced soil carbon changes (Vuichard et al. 2008).
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